The GPIMR reagents used were dimethyl disulfide (DMDS), tert-butyl peroxide (TBP) and tri(dimethylamino)borane (TDMAB). Each reagent was introduced into the ion trap through the helium line and was allowed to react with the protonated metabolites. The ionic ion-molecule reaction products and their fragmentation profiles were compared to the profiles of the ionic ionmolecule reaction products of protonated reference compounds that had specific hetero atom functionalities. The oxidized 2-aminothiazole metabolite of 2-ATBA showed a similar GPIMR profile to that of the reference compounds with a tertiary N-oxide functionality and distinct from the profiles of the reference compounds with N-aryl hydroxylamine, nitroso or pyridine N-oxide functionalities. This study demonstrates the feasibility of fingerprinting the chemical nature of oxidized nitrogen functional groups via GPIMR profiling for metabolite structure elucidation.
Introduction
Dopamine D 2 partial agonists are effective in regulating dopamine levels in the neurons at hyperdopaminergic or hypodopaminergic state without significant impact on other normal dopaminergic pathways, thus demonstrating antipsychotic efficacy in schizophrenia with lower side effects (Davies et al., 2004 , Kikuchi et al., 1995 , Kinghorn and McEvoy, 2005 , Miller et al., 2007 . Following the discovery of AZD9821 as a D 2 partial agonist candidate, a new benzazepine based 2-aminothiazole series was developed to improve the D 2 partial agonist activity and selectivity. Among the compounds in the series, an active 2-aminothiazolobenzazepine compound (2-ATBA) was identified ( Figure 1 ) with good in vitro and in vivo ADME profiles that demonstrated in vivo efficacy in the rat amphetamine-induced locomotor activity model ( Urbanek et al., 2013) .
In this study, we investigated the in vitro metabolic stability and metabolite profile of the 2-ATBA in liver microsomes and hepatocytes from human, rat, dog and cynomolgus monkey.
Since there are three heteroatoms in the aminothiazole moiety, pinpointing the site of oxidation has proved to be very challenging due to the lack of a unique MS/MS fragmentation pattern from the molecule. Furthermore, one of the oxidized 2-ATBA metabolites was labile, which prevented the purification of chemical synthesis of the metabolite reference standard. Therefore, an alternative approach was necessary for the structural characterization.
Traditional methods for metabolite structural elucidation such as NMR, FT-IR, and x-ray crystallography are powerful but require a large quantity of highly purified sample. In the past decade gas-phase ion-molecule reactions (GPIMR) were effectively used for the identification of functional groups (Brodbelt, 1997 , Watkins et al., 2004 , Watkins et al., 2005 , Eberlin, 2006 This article has not been copyedited and formatted. The final version may differ from this version. , 2012, Osburn and Ryzhov, 2013) . Several neutral reagents for GPIMR, such as dimethyl disulfide (DMDS), tert-butyl peroxide (TBP) and tri(dimethylamino)borane (TDMAB), have been developed to identify oxidized heteroatom functionalities (Watkins et al., 2005 , Duan et al., 2009 , Fu et al., 2012 . These GPIMR reagents react with functional groups of the protonated analyte molecules in the ion trap and generate unique products that can be further fragmented by collision induced dissociation (CID) to generate characteristic product ions or neutral molecules specific to the functional groups. Since each reagent can react with different oxidized nitrogen functionalities and generates different reaction products or fragmentation patterns, it is hard to use single reagent to identify a specific functionality. Therefore, our focus was on the use of multiple reagents to develop fingerprints specific to individual oxidized nitrogen functionalities. In this study, we reported the use of these three neutral reagents together with a variety of reference compounds to develop GPIMR profiles specific to oxidized nitrogen functionalities of the reference compounds that could relate to the functionalities of the unknown metabolite. The goal was to determine the structural and functional characteristics of the 2-ATBA oxidized metabolite.
This article has not been copyedited and formatted. The final version may differ from this version. C18 column, 2.1×100, 1.7 µm. The eluting solvent consisted of 10 mM ammonium formate and 5% acetonitrile in water (A1) and 0.1% formic acid in acetonitrile (B1). The gradient started with 100% A1. B1 was increased from 0% to 10% in 5 min, from 10% to 40% in 4 min, from 40% to 95% in 3 min and kept at 95% for 1 min before equilibration at 100% A1 for 3 min.
TiCl 3 Reduction. Aliquot (100-µL) of DLM incubates or the synthetic M2 standard reference (1 µM in 10% acetonitrile, v/v) were allowed to react with 3 µL of TiCl 3 solution at 5°C or 50°C for 3 hrs. At the end of the reaction, the samples were directly analyzed by LC/MS to assess the reduction of the oxidized 2-ATBA products (M1 and M2).
Modification of LTQ ion trap for GPIMR. The LTQ XL ion trap mass spectrometer with
Xcalibur 2.1 software (Thermo Scientific) coupled with Accela ultra pressure LC System (Thermo Scientific) was modified as previously described (Habicht et al., 2008) . Briefly, a gas line was diverted from the helium gas source with a three-way check valve. A syringe pump for This article has not been copyedited and formatted. The final version may differ from this version. the introduction of GPIMR reagent was connected to this line with a tee. The other end of this GPIMR reagent line was connected back to the main helium line with a three-way check valve before entering the ion trap ( Figure 2 ). The diverted line was heated to facilitate the evaporation of the GPIMR reagents which were then carried into the ion trap by the helium gas. The flow of GPIMR reagents into the ion trap was constant and was equilibrated for at least one hour before the GPIMR experiment. The GPIMR was conducted under the same LC conditions as those used for metabolite profiling. Multiple events were used in setting up the GPIMR experiment in the Xcalibur software where the event 1 was set for the full scan. In events 2, 3 and 4, the protonated ion of interest was isolated for collision with a reagent in the trap. The CE for the reaction was set at 0%, q at 0.25, and the reaction time at 30, 100 and 1000 ms for events 2, 3
and 4, respectively. When needed, an additional event was added to increase the reaction time to 5000 ms. In the last, an additional event was set up where the ion-molecule reaction product ion of interest was isolated for collision induced dissociation (CID).
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Results
In vitro metabolism of 2-ATBA. The intrinsic clearances of 2-ATBA in the microsomes and hepatocytes were low in HLM, RLM and CLM, and moderate in DLM (Table 1) . When scaled to in vivo the predicted hepatic clearances were around or below 30% hepatic blood flow, except in dog. The predicted in vivo clearance from liver microsome or hepatocyte data were similar suggesting that the clearance was mainly through metabolism by phase I enzymes, such as the CYP450s.
Profile of 2-ATBA metabolite. Metabolite profile analyses showed that the major peak corresponded to the parent compound in liver microsome incubates, with two small metabolite peaks M1 and M2 at 5.97 min and 6.48 min, respectively ( Figure 3 ). Significantly more M2 metabolite was found in HLM and RLM, while a larger M1 proportions were found in DLM and CLM ( Figure 4 ).
CYP450 and FMO isozyme involvement. The recombinant CYP450s and FMO3 incubation
results showed that CYP2D6 and CYP3A4 were the major contributors to 2-ATBA metabolism ( Figure 5 ). CYP2D6 was more efficient than CYP3A4 in metabolizing 2-ATBA. Using the extrapolating method by Rodrigues (Rodrigues, 1999) CYP3A4 was estimated to contribute 67% of 2-ATBA metabolism and CYP 2D6 33%. Only M2 was detectable in the CYP3A4 and CYP2D6 incubates. Though, the contribution of recombinant FMO3 was not quantifiable a minor peak corresponding to M2 was detectable in incubates.
Characterization of M1 and M2. Both metabolites M1 and M2 generated a protonated molecule of m/z 330.1389 which is 16 amu higher than that of the protonated parent compound,
suggesting the addition of an extra oxygen atom ( are summarized in Figure 6 .
The TiCl 3 reduction products of M1 and M2 were analyzed by LC/MS in the Orbitrap.
Following the reaction on ice M1 and M2 from DLM as well as the M2 synthetic reference compound were found to be reduced by TiCl 3 . Under this reduction condition only N-oxidation product was expected to be reduced and sulfur oxidized product should be stable. These results suggest that the sites of M1 oxidations are in the nitrogen rather than on the sulfur atom.
This article has not been copyedited and formatted. The final version may differ from this version. Identification of the oxidation site in M1 by GPIMR. As the TiCl 3 reduction results had suggested the oxidation of the nitrogen atom, our focus was then on the nitrogen atom being oxidized in M1. Three GPIMR reagents were used to investigate the ion-molecule reaction products of the protonated M1. The GPIMR reaction products and their fragmentation profiles were compared with those obtained for reference compounds that have unique nitroso (1), pyridine N-oxide (2), tertiary amine N-oxide (3) or N-aryl hydroxylamine (4) functionalities.
The observed fragmentation patterns for these different oxidized nitrogen functionalities and the proposed mechanisms of GPIMR product formations are summarized in Tables 3 and 4, respectively.
( Neither protonated M2 nor M1 generated [MH+31] + product ( Figures 7C and 7D , respectively), suggesting that the oxidized nitrogen functionality in M1 is different from that of nitroso or Naryl hydroxylamine.
(2) GPIMR in the presence of TBP. Upon reaction with TBP the protonated reference compound (1) which has a nitroso functionality generated a unique [MH+56] + product ( Figure   8A ) which was not observed for TBP reaction with other protonated oxidized nitrogen atoms tested. The proposed mechanism for the formation of this [MH+56] + product includes an initial nucleophilic attack of the peroxide moiety of the TBP to the nitroso nitrogen followed by a rearrangement to form the [MH+56] + product ( Figure 8A-8C ) when allowed to react with TBP (Table 3) . However, these products were not detected for TBP reaction with aliphatic tertiary nitrogen oxides (3 and M2). The protonated N-aryl hydroxylamine also generated a [MH+220] + product ( Figure 8B) which was not observed for TBP reaction with other protonated N-aryl hydroxylamine tested.
Elucidation of the mechanisms for formation of this [MH+220]
+ product (Scheme 5) will require further investigation. Although the formation of the [MH+145] + product in TBP reaction with protonated M1 ( Figure 8D ) is consistent with the ion-molecule reaction products observed for the reference compounds 2 and 4 in which the oxidized nitrogen is within or attached to an aromatic ring ( demonstrates that the functionality of its oxidized nitrogen atom is different from those of nitroso (1) or N-aryl hydroxylamine (4) functionalities.
(3) GPIMR in the presence of TDMAB. TDMAB formed a [MH+98]
+ ion-molecule reaction product with the all protonated reference compounds tested (Table 3 ) except nitrosobenezene (1).
The [MH+98]
+ product was likely formed as the result of proton transfer from the protonated oxidized nitrogen to one of the dimethylamino functionalities in TDMAB followed by nucleophilic attack of the oxidized nitrogen at the boron and the elimination of a dimethylamine (Table 4 The overall GPIMR profile results indicate that the oxidized functionality of the 2-aminothiazole oxide in M1 is more likely to be a tertiary alkyl N-oxide or pyridine N-oxide than nitrobenzene or N-aryl hyddroxylamine. Therefore, the site of oxidation in M1 was assigned to the 3-nitrogen atom. The proposed in vitro oxidative metabolic pathway of 2-ATBA is summarized in Figure   10 .
Discussion
Results from this study show that 2-ATBA is relatively stable in human, rat and monkey liver microsome and hepatocyte incubations. The intrinsic clearance in dog microsome and hepatocytes was moderate. Phase I metabolism via azepine and aminothiazole nitrogen appeared to be the major contribution to the clearance. Oxidation in the azepine and aminothiazole nitrogen atoms appeared to be the major metabolic pathway. The M1 metabolite was more predominant in dog and cynomolgus monkey microsome incubates while significantly more M2
was detected in human and rat microsome incubates. CYP3A and CYP2D6 appeared to be the (Kulanthaivel et al., 2004) . The observation of M1 being reduced by TiCl 3 at 5°C suggested that the site of oxidation was on one of the nitrogen atoms, however, this reaction could not identify which nitrogen in the aminothiazole was oxidized.
The 2-N-hydroxyl aminothiazole resulting from oxidation at the 2-amino group of the 2-aminothiozole moiety in 2-ATBA could form an electrophilic intermediate through the β-elimination of water (Kalgutkar et al., 2007) . This hydroxylation would be similar to N-hydroxyl aryl amino functionalities, some of which have been reported to be positive in Ames testing (McCarren et al., 2011) . Some N-aryl hydroxylamine have also been shown to be liable for toxicities associated to their bioactivation to generate the electrophilic intermediates that could react with cellular thiols to form sulfinamide adducts (Harrison and Jollow, 1986, Liu et al., This article has not been copyedited and formatted. The final version may differ from this version. Siraki, 2013) . Thus, identifying which nitrogen is the site of oxidation in M1 is also important in assessing the potential for genotoxicity risk.
To determine which of the nitrogen atoms in M1 was oxidized, three different GPIMR reagents to compare the reaction profiles of M1with those of the reference compounds (1-4) . The protonated compounds with oxidized nitrogen groups formed unique ion-molecule products upon reactions with specific GPIMR reagents and the reaction products generated diagnostic fragmentation patterns upon CID. The oxidized nitrogen in metabolite M1 is different from those in nitroso (1) + that generated NL116 which is characteristic of product of TDMAB reaction with protonated tertiary N-oxides (3 and M2). Therefore, the site of oxidation in M1 was assigned to the thiazole-nitrogen.
Conclusion
This study demonstrates the potential and feasibility of fingerprinting the chemical nature of an oxidized nitrogen functional groups via multi-reagent GPIMR profiling. Reacting with a series of diagnostic reagents, each type of oxidized nitrogen functional group tested generated diagnostic GPIMR patterns. While no single GPIMR could differentiate between different types of oxidized nitrogen functionalities, using these three reagents together could uniquely This article has not been copyedited and formatted. The final version may differ from this version. 
→NL116
Underlines are the unique ions or fragmentations. 
